Introduction
A number of large existential environmental challenges have been recognized for the sustainable development of humanity and planet Earth. These are Food Security, Water Security, Energy Security, Climate Change Abatement, Biodiversity Protection and Ecosystem Service Delivery . They all have similar characteristics; namely, they are global, they are complex and difficult to resolve, and they are inter-related. They all are addressed using a combination of dimensions with a focus on servicing mankind. The need to provide food and have water available to support the predicted world's population of over nine billion (Godfray et al., 2010) requires the provision of enough that is of good quality and is readily available. The provision of reliable and affordable energy while minimizing the impact on climate will depend on continued energy supply and its alternatives that do not result in increased greenhouse gas emissions (Janzen et al., 2011) . These pursuits will all impact on ecosystem services and present a continuing challenge to preserve the global biodiversity.
When one analyses these environmental challenges we can recognize that soil has a part to play in all of these (Herrick, 2000) , yet many exploratory models that are used to investigate these global challenges at best incorporate limited soil expertise . Indeed it can be said that soil underpins these and the degradation of the soil resource may have grave impacts. It has been reported that there is currently a decline in soil functions, listed in Fig. 1 , which will affect its ability to provide ecosystem services and goods (Lal, 2010a) . Soil degradation such as, erosion, fertility loss, salinity, acidification, soil carbon decline, and compaction have long been reported and are recognized as threats by the European Union (CEC, 2006) . These have detrimental consequences for agricultural productivity, provision of water, increased greenhouse gases and loss of biodiversity (Koch et al., 2013) . Without secure soil we cannot be sure of secure supplies of food and fibre, of clean fresh water, or of diversity in the landscape. We also reduce the potential of soil to act as a sink in the carbon cycle, and we remove a core platform for the production of renewable energy sources.
Because of this the security of soil in itself should be promoted to the status of a global existential challenge (Koch et al., in press ). To do so we can define Soil Security as in McBratney et al. (2012) as being concerned with the maintenance and improvement of the world's soil resource to produce food, fibre and freshwater, contribute to energy and climate sustainability, and maintain the biodiversity and the overall protection of the ecosystem. In this definition, security is used in the same sense that it is used for food, water and energy. To frame this concept a set of dimensions need to be established and defined and, as with other concepts such as food and water security, these dimensions should account for the quantity, quality and accessibility of the soil. It is also essential to recognize that this concept is not being developed in vacuo and that similar concepts of soil quality, soil health and soil protection have also been proposed to address the need to maintain and manage the condition of the soil (Doran and Ziess, 2000; Karlen et al., 2001; Bouma and Droogers, 2007) .
So we think that a sustainable development concept for soil termed soil security similar in scope to those above is worthy of investigation and development. The aim of this paper is to develop this concept further.
Characteristics of the six global existential environmental challenges
Various communities have investigated the six previously recognized global existential environmental challenges. Various characteristics or dimensions of each have been recognized for their description, assessment and eventual amelioration. It is instructive to examine these with a view to revealing a set of characteristics or dimensions for delineating, evaluating and facilitating soil security.
Food security
The projected need to feed 9 billion people by 2050 can partly be met by closing the yield gap and increasing the production limits of agriculture (Godfray et al., 2010) . Access to good quality soil combined with soil conservation, the knowledge for best management and adoption of technologies (Fedoroff et al., 2010) should contribute to maximizing the yield potential (Pretty et al., 2011) . The growing challenge of not being able to identify sources of soil amendments, e.g. phosphorus used to maintain or improve fertility is increasing (Cordell et al., 2009) .
Food security is built on three pillars of availability, access and use. Essentially, food availability is referring to having sufficient quantity and a reliable source of food supply, and access focuses on having the resources to obtain high quality and nutritious food (PinstrupAnderson, 2009; Godfray et al., 2010) . Food use describes having the knowledge of basic nutrition, as well as access to non-food inputs of adequate water and sanitation or lack of contamination (World Health Organization, 2012) . These concerns have stimulated efforts to ensure food security by improving yield and quality, minimizing loss of productivity by land degradation, pollution, and urbanization, as well as, the need for water supply and storage (Chen, 2007; Godfray et al., 2010) .
As illustrated in Fig. (1) the functions soil provides in this domain are biomass production along with its ability for filtering, storing and transforming of nutrients, substances and water (Lal, 2010b; Scherr, 1999; Stocking, 2003) .
Soil Security
Is anchored to these six global societal challenges through the seven soil functions, which are;
(1) biomass production 
Water security
Water shortages are an immediate threat (Anonymous, 2008) . The opportunity to harvest water from rivers and dams, labelled as 'blue water', is becoming limiting in regions around the globe and there are now efforts to understand the flux of transpired water and its return from the atmosphere (Falkenmark and Rockström, 2006) . Evidence has been produced demonstrating that minimizing soil disturbance (e.g. minimum till) can conserve water (Hatfield et al., 2001 ) and research is continuing to understand the plant soil-water interactions, identified as 'green water', to improve the water use efficiency (Morison et al., 2008; Rockström et al., 2009) .
The prevailing three pillars of water security have been strongly influenced by its interrelationship with food security (UNDESA, 2012) . Water quality is concerned with the physical and chemical properties making water acceptable for use and water scarcity recognizes the natural and engineered availability of water and efforts to remove contaminants. The issue of water cooperation with its focus on management amongst stakeholders and its allocation and trade is the third pillar. There needs to be a quantity and quality of water to meet societal and ecosystem physical needs (Falkenmark, 2001) .
The soil functions of water retention, filtering and transforming compounds and nutrient cycling ( Fig. 1 ) are significant contributors to the provision of water for human, biomass production and ecosystem needs.
Energy security
Energy security is mainly concerned with understanding energy availability and affordability (Vera and Langlois, 2007) . The availability is defined by having a (self-)sufficient and uninterrupted and diverse supply (Sovacool, 2007) . Affordability is predicated upon having equitable access to affordable energy and the United Nations has recognized this using an 'energy ladder' account for different sources from electricity as the highest rung, through modern fuels (e.g. petroleum, natural gas, ethanol) down to traditional fuels (e.g. wood, charcoal, crop residues) (Legros et al., 2009) . Sovacool and Brown (2010) noted that up to 80% of the literature on energy security addressed availability and affordability, about one third of the literature addresses economic efficiency and one quarter environmental sustainability. The economic efficiency considers improved technologies that enhance the quality and delivery of energy (Gallagher et al., 2012) and the sustainability is concerned with ensuring that energy extraction does not exceed its regeneration, that emissions do not exceed assimilation capacities, and that nonrenewable are depleted at rates equal to the discovery of renewable sources (Daly, 1979) .
Of greater concern for soil is that the effect of competitive uses to produce energy such as crops for biofuels in addition to food production ( Fig. 1) will demand from the soil resource (Tilman et al., 2009 ).
Climate-change abatement
The increased use of fossil fuels and land use change has been attributed to the potential for global climate change (Canadell et al., 2007) . Janzen et al. (2011) has reported that increased CO 2 may affect photosynthetic rate, accelerate organic matter decay, alter precipitation patterns resulting in droughts, flooding or erosion, and shifting in arable lands resulting in changes in soil cultivation. The ability of the soil to sequester carbon has some potential to mitigate increases in atmospheric greenhouse gases. This is driven by the fact that there is more carbon stored in the world's soil than in the atmosphere (Davidson and Janssens, 2006) and the liberation of this carbon will contribute significantly to global warming (Lal, 2004 ).
According to Lal (2010b) , managing the soil functions (Fig. 1) that affect the potential for carbon sequestration could not only mitigate the climate change, but also have positive impacts on agronomic productivity and the global food security.
Biodiversity protection
The Convention on Biological Diversity (1992) has three main goals, being: to conserve biological diversity, maintain sustainable use of its components, and a fair and equitable trade of benefits provided by genetic resources. There is strong focus on dimensions of diversity within species, between species and of the ecosystem and a number of global indicators are being proposed and accepted to assess biological diversity (Balmford et al., 2005; Luck et al., 2003) .
'Soil biodiversity can be defined as the variation on soil life, from genes to communities, and the variations in soil habitats, from microaggregates to entire landscapes' (Turbé et al., 2010) . The soil is the habitat for the largest gene pool and diversity of species and these organisms participate actively in soil processes that affect its formation and function (Lavelle et al., 2006) . This is because soil micro-organisms contribute to the maintenance of the matter and energy transfer in terrestrial environments (Filip, 2002) . In particular, biodiversity contributes to nutrient and water efficiencies, improves soil structure and protects against soil-borne diseases (Brussaard et al., 2007) . To enable biodiversity protection to contribute to ecosystem formation and function outside of conservation areas, Swift et al. (2004) claim the promotion of land-use diversity at the landscape and farm scale should be a primary aim. There is a continuing need to deepen our understanding of the interactions between the biology-soil-plant-water (Fig. 1 ) systems and improve our ability to assess with reference to space and time to inform ecological risk assessment (Barrios, 2007; Ekschmitt and Griffiths, 1998; Ekschmitt et al., 2003; Mulder, 2006 ). This will inform land users and improve capabilities to predict adoption to environmental change and support good policy frameworks.
Ecosystem services
The term ecosystem service emerged in the early 1980s (Mooney and Ehrilch, 1997) and the provision of ecosystem services has received considerable attention and can be defined as 'the capacity of natural processes and components to provide goods and services that satisfy human needs, directly or indirectly ' (De Groot, 1992) . Since then a number of classifications have been developed to categorise ecosystem services (Robinson et al., 2012) , and the recently framed Millennium Ecosystem Assessment (MEA, 2005) agrees with Noël and O'Connor (1998) , Daily (1999) and Ekins et al. (2003a) describing four categories being: supporting, provisioning, regulating and cultural services (Table 1) .
For soil the supporting service is generally concerned with providing support for plants, delivery of plant nutrients, and a gene pool. The major element and hydrological cycles, and disposal of waste are embraced as regulating services. Its excavation for building materials is an example of a provisioning service, while the spiritual value, archaeological preservation and heritage are cultural (Robinson et al., 2009 ). These four categories may themselves be regarded as the dimensions of ecosystem services. There have been a number of efforts by soil scientists to determine how soil science engages with these categories (Palm et al., 2007) which can be summarized using five of the seven functions of the soil that provide ecosystem goods or services (Fig. 1) , and these would form part of a soil account (Boyd and Banzhaf, 2007) . This account of soil needs to be broader than the performance indicators of soil health and quality to include the contribution soil makes to ecosystem services, consideration of the soil's natural capital and be able to articulate changes in soil so as to inform the policy making process (Dominati et al., 2010; Robinson et al., 2012) .
Dimensions of soil security
A summary of the characteristics of global existential environmental challenges is that as well as having biophysical attributes, they also inevitably have economic, social and policy aspects. In a concept of soil for sustainable development all of these dimensions should be addressed simultaneously.
There has been a long history of soil evaluation or 'assessment frameworks' developed from Land Evaluation to Soil Quality assessments (McBratney et al., 2012) . These soil-science-led assessments primarily have been developed to measure the inherent and manageable properties of the soil, which are taken as indicators of the soil's ability to function or provide a service using soil science dimensions (Robinson et al., 2012) . These assessments are also relative, being affected by decisions that are value driven and contextual (Alrøe and Kristensen, 2002; Bouma et al., 2012; Schjønning et al., 2004) including: land management, economic, social and political/regulatory dimensions. This would require a multi-dimensional, multi-disciplinary approach recognizing all stakeholders, and therefore, a framework is required with dimensions that explicitly distinguish the assessment of the optimal state of the soil and the current state of the soil and, how the soil is effectively utilized. Such a distinction will enable a clearer comparison of the current condition of the system relative to its capability and an account of the values and context affecting how the soil system is being utilized in order to reconcile the measures using scientific principles and relativism.
For soil, its capability can be thought in terms of a reference state that defines an optimal capacity of the soil to which the current condition of the soil can be compared. There has been a long history of evaluating the capability of a soil, which involves correlating biomass production with a soil's intrinsic properties developed over pedological time periods (McBratney et al., 2012) and is quite often used in land-use planning. Since the early 1970s there has been recognition of an increasing number of soil functions, beyond just food and fibre production (e.g. water storage and filtering, waste management, biodiversity store), resulting in an ability to compare the relative changes in the soil condition (e.g. soil quality) within a land management timeframe (Warkentin and Fletcher, 1977) . To determine if a soil is 'good' or 'bad' for a particular purpose (Carter et al., 1997) or if its use enhances or degrades its condition will depend on what value society places on this soil, who influences how it is used, and how this use may be regulated (Doran, 2002; Patzel et al., 2000) . To account for this value-laden relative criteria we suggest that three dimensions identified as capital, connectivity, and codification be defined.
We can refer to capability, condition, capital, connectivity and codification as the five 'Cs' that need to be assessed in order to secure a soil, i.e. the dimensions for a soil security framework.
Dimension 1: Capability
The capability of any given soil refers to its potential functionality and historically came out of work on agricultural development and land use, but it can be applied more widely. The question that capability can answer is, 'What functions can this soil be expected to perform, and in doing so what can it produce?' To answer this question it is equally important to understand the soil's capability in the context of its own reference state.
This dimension is strongly influenced by a long history of work by soil scientists on land evaluation (FAO, 1976 ) dating back to the 1920s, and it recognizes the intrinsic difference between different kinds of soil. A series of guidelines were produced by the FAO for land evaluation in dryland agriculture, forestry, irrigated agriculture, grazing and steeplands (FAO, 1983 (FAO, , 1984 (FAO, , 1985 (FAO, , 1991 Siderius, 1986) . This land evaluation framework improved interpretations of soil by providing land suitability classes, and just as importantly, determined specific well-defined land qualities on which these suitabilities are based (Bouma, 1989; Bouma et al., 2012) . The idea of land qualities is broader than the concept of soil qualities and recognizes that "the fitness for a specific soil to function" will also depend strongly on the climate experienced, how different soils may behave under sequential years of favourable or adverse climate conditions, and considers the quality of the soil's management (Bouma, 2002) . The management of the soil will depend on its utilization and historically the intention of good management is that it will maximize what the soil can produce. While agriculture and soil science may have focused on good soil management to maximize production the ecologists and economists working on ecosystems services would argue that good soil management should be to maximize functionality (Robinson et al., 2012) . Either way the management of soil over longer periods of time may result in changes to the soil which needs to be accounted for. Droogers and Bouma (1997) recognized management changes to soil and proposed that soil should be classified according to its genoform and phenoform. The genoform would be a soil in its natural state and recognizes that we know about soil and its genesis. Implicitly they recognized this as a reference state. The phenoform would be an account of how a soil has been altered. In particular, the phenoform recognizes the long-term or short-term effects of management changing a soil. Examples include, management resulting in erosion means a soil loss that cannot be returned; or decades of organic farming that increased the organic matter content of soil in the Netherlands (Bouma, 2002) .
Usually the genoform would be assumed to be the reference state for a soil but there is a point where soil alteration is so significant and/or permanent (iCannals et al., 2007 ) that a phenoform may become the reference state. Therefore, the reference state being a soil at a particular categorical level in a soil classification system, under a particular management, could require the recording of both the genoform and phenoform. This recognizes that there exists a soil survey data that defines specific soil types and their position in the landscape and that results for soil quality indicators of different forms of degradation or improvement are characteristically different for different soil types (Bouma et al., 1998) .
A reference state is possible if we identify with the logic that makes land evaluation possible (Rossiter, 1996) . This acknowledges that land does vary in its physical, social, economic and geographical properties and therefore there are areas more or less suited to it. This variation is systematic and we can map the physical, political, economic and social variation in surveys. This is used to predict how the land will behave with some certainty enabling land suitability to be described and mapped, which then can be used by decision makers to inform their choice of land use (Rossiter, 1996) . Semi-quantitative and quantitative approaches have been developed to implement the FAO framework. This has included the LECS system (Elberson and Siderius, 1990) , expert systems such as ALES (Rossiter, 1990) , and land evaluation by map analysis using geographical information systems (Burrough, 1987) . The integration of biophysical and economic disciplines has also been achieved through frameworks such as SOLUS (Bouman et al., 1999) which enables land use to be assessed by quantifying biophysical and economic suitability trade-offs. From our point of view capability can be measured for a range of soil functions which match the global environmental challenges (CEC, 2006) , e.g., (i) food and other biomass production; (ii) storing, filtering and transformation; (iii) habitat and gene pool; (iv) physical and cultural environment for mankind; (v) source of raw materials; (vi) acting as carbon pool, and (vii) archive of geological and archaeological heritage. This requires the establishment of a (local) reference state defined by a genoform at a particular level in a soil classification framework, e.g., family level in Soil Taxonomy, or a specific phenotypical variant of the taxonomically defined genotype due to a particular long-term management. As such capability is largely defined by a set of long(er) time-scale or very slowly varying soil characteristics such as profile form and texture.
Dimension 2: Condition
The condition of the soil is concerned with the current state of the soil and refers to the shift in capability compared to the reference state. The concept of soil condition strengthened in the 1990s and the current vernacular would refer to soil condition as 'soil health' (Karlen et al., 1997) . However there is little value in talking about the health of any given soil, unless there is an understanding of how 'healthy' it can actually be. Unlike capability, the condition of a soil is contemporary and is measured on a short-term management time scale.
Regulatory bodies and land managers recognize the growing need for information on soil condition so they are informed about (i) the impact of changes in management practices and (ii) justification for investment to maintain or improve the soil resource (Schipper and Sparling, 2000; Wilson et al., 2008) . The concepts of soil quality, health, and condition are still being debated in the literature (Wilson et al., 2008) but an example of how regulatory bodies define the soil condition can be taken from the Australian Department of Agriculture, Forestry and Fisheries, thus; "Soil condition can be defined as the capacity of a soil to function, within land use and ecosystem boundaries, to sustain biological productivity, maintain environmental health, and promote plant, animal, and human health (Doran and Zeiss, 2000) . The condition of a soil can be inferred by measuring specific soil properties (e.g., organic matter content) and by observing soil status (e.g., fertility)."
The United States Department of Agriculture National Resource and Conservation Service (NRCS, USDA) definition using soil quality as an assessment of condition mirrors that above, with a particular noting of the reference condition where soil is functioning at full capacity under management systems that use Best Management Practices (NSSH, Part 624.01). We argue that the reference condition should be a combination of soil class (at some taxonomic level) and a management regime.
As with capability, the soil condition will vary in accordance to how it is managed and the nature of the intended use. If the soil is being managed in a way that is consistent with its capability, its condition will be 'fit for purpose'. For example, in agriculture a soil with high capability can have poor yields resulting from poor management, while a low capability soil through excellent management can produce high yields (Bouma, 2002; Tugel et al., 2005) . Similarly, the key to a sustainable use of the soil is to match its intended use with its capability, i.e. soil should not only be viewed through a lens focusing on its ability to produce (Robinson et al., 2012) . Therefore, the performance, productivity or functionality of a soil is the sum of its capability + condition.
As with soil quality and soil health, the soil condition can be assessed using a set of usually more quickly varying indicators which are commonly grouped as physical, chemical and biological and are linked to a soil function (Doran and Parkin, 1996) and there is a call to adopt standardized methods to evaluate these (Nortcliff, 2002) . Minimum data sets of soil physical, chemical and biological properties have been suggested, forming a pre-defined global list of indicators or developed based on site-specific conditions, and there has been an emphasis on measuring the soil chemical and physical properties (Govaerts et al., 2006; Gregorich et al., 1994) . Recently, the soil science community's deeper understanding of, and ability to assess, the soil biology has resulted in a suggestion that soil biota in the future may be a significant and broad indicator of the soil's condition (Zak et al., 2003; Barrios, 2007) , but this still seems elusive (Pulleman et al., 2012) . This is based on the premise that the soil biodiversity reflects the different aspects of soil quality in their composition and function (Valesquez et al., 2007) , and a lack or loss of soil biodiversity will compromise the ability for the system to perform certain functions. Alternatively, the central role soil carbon plays in many of the soil functions invites research to see if this is a premium or even a 'universal' indicator for soil condition (Stockmann et al., 2013) as there has been research indicating that there are critical limits for soil carbon below which the soil condition is compromised (Loveday and Webb, 2003) . If the condition is such that it passes a tipping point or ecological threshold and reaches a state from which it cannot resile then we must recognize a new reference state with a new associated capability (Groffman et al., 2006) . Although these are expected there are few examples in the soil literature.
As soil security is a concept of securing soil for the sustainable development of humanity we need to consider more than the biophysical stocks, functioning and ecosystem services, we also need to embrace the economic, social and policy dimensions.
Dimension 3: Capital
That by placing a capital or monetary value on an asset serves to value or secure that asset seems axiomatic. The concept of capital can be distinguished between five principal forms being, financial, manufactured, human, social and natural capitals. Of these natural capital is the stock of physical and biological resources and is comprised of renewable (e.g. living species), non-renewable (e.g. subsoil assets, such as petroleum and coal), replenishable (e.g. potable water, fertile soils) and cultivated (e.g. crops and forest plantations) natural capitals (Aronson et al., 2007) . Since soil provides functions for service delivery placing a value on the soil stocks underpinning these will contribute to an account of its capital (Table 2) .
According to Robinson et al. (2009) placing a value on 'things' that contribute to human well-being avoids the neglect or omission of a resource or its contribution to the system in any decision-making process. To achieve this there has been a considerable focus on ecosystem services by ecologists (Costanza and Daly, 1992; Daly and Farley, 2003; de Groot et al., 2002; Ekins et al., 2003b; Robinson et al., 2009 ) with the desire to develop a suitable definition of natural capital, ultimately being 'the stock of materials or information contained within an ecosystem' (Costanza et al., 1997) . Defining natural capital by embracing mass, energy and organization Robinson et al. (2009) found that soil moisture, temperature and structure are valuable stocks, along with inorganic and organic materials ( Table 2) . The soil's natural capital is determined by the compositional state of the soil system, stocks, which affect the functions provided by the soil for the whole ecosystem, the ecosystem service. There are also products derived from the ecosystem services produced by the soil which are known as ecosystem goods. The stocks as described by Robinson et al. (2009) are outlined in Table 2 , and here it can be seen that the economic value of the stock may not always be related to the intrinsic benefit that the stock brings to the soil. For example, a high level or increase in soil organic carbon is crucial for soil function (Stockmann et al., 2013 ), yet the value of the soil carbon stock is in some cases valued only in its capacity to provide a store of carbon for the purpose of generating an offset through greenhouse gas abatement (McBratney et al., 2012) .
As described earlier, ecosystem services fundamentally underpin society and while it is difficult to quantify in economic terms there is a continued effort to refine definitions of their economic value. With the sensible ascription of economic worth that reflects the value of ecosystem services there will be the emergence and further growth in markets that will encourage practices that sustain these public goods. This is challenging, as noted by Brown et al. (2007) , who claim that the once held distinction between 'ecosystem services' from 'ecosystem goods' has been obscured by Costanza et al. (1997) who now lump these into a class of 'ecosystem services' after previously noting the distinction between the two. Ecosystem services are derived from ecosystem abiotic and biotic processes and interactions, and while the ecosystem service is derived from its function an ecosystem good is concerned with its concrete nature, e.g. rocks, plants, soil, water, and recreation. Therefore directly attributing ecosystem goods in an account of natural capital and to soil alone remains difficult (McBratney et al., 2012) .
Economic value of minerals and energy sources below soil are well established, but because the intrinsic value of the soil itself is not known, or its potential productivity, the case for securing soil in a multi-land use context is difficult to make. There is the need for placing an economic value on the soil asset, which refers to the value of the soil itself, as well as, the value of its potential performance given its capability. Placing a value on the soil itself, as with ecosystem services (Boyd and Banzhaf, 2007) , would mean isolating its value from non-soil contributions, such as labour or financial and manufactured capital. Dominati et al. (2010) propose a framework for quantifying the natural capital of soil and note that care needs to be taken when defining what the soil stocks are as opposed to the flows, or services. In particular the framework intends to incorporate the scientific contemporary understanding of soil processes and taxonomy, linking these with each ecosystem service that needs to be paired with economic valuation.
There is also a component of cultivated natural capital arising from the soil: the commodities that underpin agriculture and forestry as enterprises (Aronson et al., 2007) . We are most familiar with this kind of capital, however we still need to evaluate the component of that capital that can be attributed to soil. The kind of simulation models that can be used to evaluate the effects of soil capability and condition, e.g., for crop production, can also be used to evaluate this component of capital for soil at a reference state or any other condition.
Dimension 4: Connectivity
Connectivity brings in a social dimension around soil. In part it is concerned with whether the person who is responsible for the soil in any given piece of land has the right knowledge and resources to manage the soil according to its capability. It also acknowledges that the effect of this 'stewardship' of this soil is long term and therefore consideration needs to be given to intergenerational equity. This may involve the adoption of a precautionary principle acknowledging soil as a nonrenewable resource and recognizing that there is still more to know about the soil and its role in managed and non-managed ecosystems. It also raises the question regarding the need for a soil ethic and in doing so whether soil should only be valued for the well-being of humans (Thompson, 2011) . This is all informed by the knowledge of those who use and research soil, which needs to be supported by appropriate education strategies and suitable communication.
It could be argued that if there is no connection to the soil then the soil itself may not be valued and is prone to not being managed to its best condition. On obvious illustration of this is the claim that the lack of 'land tenure' or other cognate forms of ownership, e.g. social capital, more often than not will result in the soil use being less than optimal (Katz, 2000) . The connection that land tenure provides is assumed to promote better land management (Fraser, 2004) and the lack of satisfactory land-tenure policies, or long-term leasing, has been blamed for the poor performance in the agricultural sector and environmental protection (Burgi, 2008) . Incomplete policies or instruments of land tenure may also affect how land is allowed to be used, and the loss of land as a public good to less than optimal private land use activities has led to soil degradation and loss of ecosystem services (Fitzherbert et al., 2008) . The contribution of land tenure to soil security needs to be integrated with knowledge of the soil's capability, current condition and its natural capital. This will depend on the land use manager knowing how to optimise the use of the soil system within the economic, environmental and social constraints and having access to others with good soil science knowledge who can advise on needed management change.
Transfer of soil science knowledge and skills has to do more than just provide acceptable solutions to complex problems; those with soil science knowledge also have to be able to identify what the needs are and follow this with effective communication of the solutions. Historically, knowledge extension relied primarily on technology transfer and formal training (NAFES, 2005; Knickel et al., 2008; Lacy, 2011) . Ridley (2007) reports that Coutts et al. (2004) developed five types of extension being: 1) group empowerment facilitation, 2) technology transfer, 3) programmed learning, 4) information access, and 5) personalized consultation. The shift from the primary reliance on technology transfer (e.g. type 2) to more participatory and facilitatory approaches (e.g. type 1) is driven by the realization that soil cannot be viewed merely from a production point of view and must be valued as stock that provides for other services; see previous sections defining capability and capital.
Those connected with the soil are also deriving their information from multiple sources, including: researching information sources, talking with extension providers, undertaking formal education, and consulting other support services (Rivera et al., 2005) . This has occurred Table 2 'Natural stocks' of soil refers to the compositional states of the soil that are intrinsic to determine its characteristics (based on Robinson et al., 2009 in an environment with an increasing number of non-government supported providers (Knickel et al., 2008) . The complexity ensuing from competition between providers and use of multiple sources and their sophisticated interactions mean that knowledge transfer can't be viewed any longer as a linear process and now requires more systemic approaches (e.g. types 1, 4 & 5). Irrespectively, this reliance on sharing of knowledge between these sources (Lawrence et al., 2007) could be addressed by a new approach identified as Extension-2.0 which involves Knowledge Brokers who in this case are those with 'hard knowledge and social intelligence' who can provide relevant soil science advice (Bouma et al., 2011) . The continued engagement of these knowledge brokers would facilitate collaboration between research and education communities and those who require this knowledge so that change can be collaboratively addressed (Stockmann et al., 2013) . Soil science is integral to many of the challenges faced by managed and non-managed systems and the society that depends on these (Bouma, 2001; Hartemink and McBratney, 2008) . The demand for those with good soil knowledge is high (Havlin et al., 2010) , and the teaching of the discipline is mainly housed in geology, geography, environmental science and agriculture programmes (Brevik, 2009 ) contributing successfully to these areas (Hopmans, 2007) . Smiles et al. (2000) noted that the future challenge for soil science education is to stimulate curiosity and innovation as well as a good grounding in existing knowledge (Field et al., 2010) . Because soil science has a broad holistic role in society and has to be involved with scientists from other disciplines, policy experts and users of the soil itself (Field et al., 2011) , the context of the education must be broad.
There is an expectation that work-ready soil science graduates will have knowledge in the physical, chemical and biological processes of the soil, can advise on management of soils in ecosystems, understand water movement in soils and its impact on water quality, as well as, problem solve with scientific reasoning, with reliable data collecting and analysis skills, and be able to communicate these sufficiently to the broader community (Jarvis et al., 2012) . Smiles et al. (2000) identify the need for soil science education as problem solving, being able to interact with political influence and policy settings, while maintaining its discipline development and innovation. A set of teaching principles have now been developed in response to this educational need (Field et al., 2011) and Bouma and McBratney (2013) state that the implementation of this approach to soil science education is a move towards producing graduates with the knowledge and skills being asked of by society.
The second, and some might argue even more important, aspect of connectivity is 'How does or can society connect to the soil?' How do individuals in society who are not managing or directly dependent on the soil have or develop a relationship with the soil? How does soil project itself into society? Underlying this is the notion that those who know care, and those who care lobby. It can be said that how soil is enmeshed in the past and the future of our society is not known by those outside the discipline (Janzen et al., 2011) . How will soil data applications developed for mobile technologies, such as Soil-Web (Beaudette and O'Geen, 2009 ) and those that rely on crowd sourced soil data (Shelley et al., 2013) contribute to this? This aspect of connectivity for soil security is perhaps the least developed of all the concepts we synthesise in this paper and therefore there are few references in the literature. An example may help. Take an area of soil and identify all those who consume the product of that soil. The map of all those individuals is the societal footprint for that soil. This connection can be achieved by the concepts of traceability in supply chains. To make soil more secure we need to have a mechanism for the users of this soil product to know and understand the soil aspect of the soil product and feedback. Through new social media, and crowd-sourcing, these people will talk to each other, back to the producers and to the regulators. The older concept of terroir in viticulture explains the potential link between society and particular areas of soil through a highly valued product wine -the security of soil linked to particular terroir is societally stronger.
Dimension 5: Codification
No matter how secure soil may be through proper management of condition, valuing the capital and connectivity to society there still remains the need for public policy and regulation, at least as a safety net, and at best to synergise and positively feed back into the other aspects of soil security (dimensions). An example here is policies around recognition and payment for public goods such as ecosystem services provided by soil to landholders by governments on behalf of society. The potential synergies include improved management, increase in natural capital, improved education and societal connectivity. Carrots are to be preferred to sticks.
1
The ever-changing environment of soil, its uses and technological advances result in very complex and difficult challenges, so good policy and policy decisions are dependent on including the appropriate stakeholders who will be able to articulate these challenges, and which are framed so that they can translate the codified knowledge, in this case, soil science knowledge into improved and more effective ways to provide practical solutions (Grímsson, 2007) . This relies on the willingness for the community of scientists to collaborate with government authorities and the private sector. The challenge for those with soil science knowledge is to recognize that this engagement is not necessarily about what is 'right' or 'wrong' but being willing to also accept that good policy may be made on decisions of what is 'better' or 'worse' (Bouma et al., 2011) and as identified earlier this can be facilitated by the knowledge brokers.
For codification to be implemented it is important to be aware of the policy cycle which can be summarized as a series of functions, identified as: signalling, design, decision, implementation and evaluation (Bouma and Droogers, 2007) . When engaging with the policy space it is clear that the signals that are used to identify problems come from a wide range of sources and stakeholders. The design phase is where the call for good soil science knowledge and input from those with this knowledge is required, and this knowledge should be based on the dimensions of capability, condition, capital and connectivity. The use of scientific principles and standards framing policies and laws that can be implemented has resulted from good cooperation between soil scientists and environmental lawyers (Hannam, 2007) .
There have been a number of initiatives to give soil a stronger policy focus. The World Soils Policy leading to the World Soil Charter was developed in the early 1980s focusing on a set of principles on management of the land resource to improve their productivity and conservation for future generations (FAO, 1982) . This resulted in United Nation's Environmental Programme (UNEP) assessing global and regional soil degradation which was published as the World Atlas of Desertification (UNEP, 1997). Doran and Jones (1996) noted that protecting soil quality should be as fundamental a goal as protecting air and water quality. The International Union of Soil Sciences developed the World Soils Agenda focusing on three tasks, being: science, policy and implementation. The science was focused on monitoring degradation, developing appropriate indicators and proposing technologies and approaches to enable frameworks for sustainable land management. The policy task produced an agenda of identifying an international multi-disciplinary network, along with an inter-government panel on soils, and to provide advice, develop and implement national soil policies (Hurni and Meyer, 2002) . The Millennium Ecosystem Assessment (2005) noted that extrinsic policies related to global trade regimes and food production had a direct and indirect effect on soil degradation.
The mixed success of early soil conservation work has been influenced by too much emphasis on a top-down approach, exacerbated by a lack of local involvement and the curing of symptoms rather than causes (Arnalds and Runólfsson, 2007) . Hannam (2007) has also noted that these efforts to develop policies that could be used as instruments in legal and policy frameworks to protect the soil may still be deficient. Irrespectively, Hannam (2007) did identify that there have been considerable efforts at the national level that could be used as exemplars and an ever-increasing use of key multilateral and regional agreements for soil management.
It can be seen from the history described above that policies for soil conservation and protection have focused primarily on soil erosion and secondly soil fertility. More recently, in 2011, the FAO launched that Global Soil Partnership (GSP) in conjunction with the European Commission with a focus on sustainable management of soil resources for two of the six global environmental challenges, namely, food security and climate-change abatement (Global Soil Partnership, 2012; Koch et al., in press ). This broadening of engagement in policy and legislative development is welcomed and is crucial to inform the future development of codification to secure the soil.
Discussion
Building a framework using these dimensions will enable us to determine if the soil is working to its capacity and is in a good condition. Securing the soil will require us to value it and the potential goods and services it can produce. This will require people who are benefiting from the soil to be aware of their connection to it, and when necessary, the soil to be supported by good policy and regulation.
As noted earlier there are existing concepts which have been proposed that are similar to soil security, namely: Soil Quality, Soil Health and Soil Protection.
For the past fifteen years, the soil science community has discussed the notion of 'soil quality' -defined in terms of the chemical, physical and biological aspects of soil (Karlen et al., 2001 ) and a comprehensive set of indicators has been identified to assess the physical, chemical and biological properties that affect soil quality (Andrews et al., 2002) . A framework has been proposed to select these indicators that are to be used to measure soil quality and the choice from this universal set of indicators is contextual (Karlen et al., 2003) . This is demonstrated by the development of Soil Management Assessment Framework (SMAF), soil quality score cards or soil quality kits for farmers and education (Andrews et al., 2004) . For the past five years, the discussion has centred on the idea of 'Soil Health', defined largely in biological terms (Doran and Safley, 1997) . It has come to reflect a set of biological indicators (Doran and Ziess, 2000) . This is reflected in the preponderance of effort on measures of the soil biological diversity which more than likely coincides with the rise in new gene-sequencing techniques. The scientific evidence for directly linking soil microbial biodiversity and soil functions is still growing, except for the concept that diverse soil may have a tendency for higher disease suppression (van Bruggen and Semenov, 2000) . Both concepts of quality and health are focused on assessing the soil condition, but there is no explicit statement of a reference state or the incorporation of this into a soil quality or soil health framework. This was the implied objection of Sojka et al. (2003) .
The European Union Soil Protection Strategy is based on soil function and the threats to soil. As described earlier (Bouma and Droogers, 2007) , there are seven functions defined. If we consider soil security, the function of the soil to (i) produce food and other biomass would be related to soil capability and soil condition, while soil capital would relate to (ii) storing, filtering and transformation and (iii) the provision for a habitat and gene pool. The cultural environment for mankind (iv) is related to soil connectivity and valued through the soil capital, where (vi) acting as a carbon pool is related to soil condition and capital, and being an archive for archeological heritage (vii) is covered by soil condition and its connectivity. Although described as a function we would consider (v) source for raw materials, as a threat. The European Commission has identified five threats classified as erosion, compaction, contamination, organic matter decline, salinization, landslides, and surface sealing. Many of these would relate largely to soil condition, capability and capital. A non-exhaustive wider list of threats to soil security is given in Table 3 and clearly, in any given situation, an evaluation of the likelihood or intensity of these threats needs to be made.
It is clear that the concepts of soil quality, health and protection are directly and implicitly related to the concept of soil security and its dimensions, but we would suggest that the soil security concept is wider with clear dimensions to frame the value of soil and how people interact with it. Most importantly the soil security concept is strengthened by the proposal of the soil capability, capital, connectivity and codification dimensions, which are not explicitly identified in the other concepts being compared.
Conclusions & future work
1. Soil has an integral part to play in the global environmental sustainability challenges of food security, water security, energy security, climate stability, biodiversity, and ecosystem services. Indeed, soil has the same existential status as these issues and should be highlighted and treated similarly. 2. There is an imperative for a concept of soil that is similar to food, water and energy security. We have proffered the term soil security. 3. The concept of soil security is multi-dimensional. It recognizes capability, condition, capital, connectivity and codification of soil entities and encompasses the social, economic and biophysical sciences. 4. Soil security is a wider, more integrative, concept than 'soil quality', 'soil health' or 'soil protection'. 5. There is a persuasive need for developing a thorough risk-based framework for assessing soil security locally, regionally, nationally and globally using the dimensions of capability, condition, capital, connectivity and codification.
There is a lot of work needed to develop this concept into a fully developed risk-based soil security assessment and policy framework. For each one of those dimensions there are some burning questions. For example, Capability & condition, how can we arrive at an agreed methodology for defining the reference state? Capital, can we realise a production and natural capital view of the soil asset? Connectivity, which new soil education approaches could be devised to connect land managers and the public appropriately to soil? And Codification, to what degree is formal regulation necessary to achieve sustainable use of soil in which other policies could be utilized?
As a final observation, an assessment framework for soil security should be risk based in the sense that it should recognize and utilize the uncertainties in the assessment of each of the dimensions and their combination. 
